We present a theoretical model that allows us to describe the dynamics of exciton polaritons in the strong-coupling regime in a monolayer WS 2 based semiconductor microcavity. Numerical simulations using Boltzmann equations give an overall description of polariton kinetics over a temperature range of 130-230K, under nonresonant excitation. Here, only the scattering rate via optical phonons (LO) from the upper (UP) towards lower (LP) polariton branches is considered. According this model we show the importance of the radiative lifetime of the polaritonic states relative to polariton relaxation rate. Our results show as the cavity detuning changes from negative (130K) to positive (230K) values, the UP branch can be tuned from a more excitonlike to a more photonlike state at small wave vector k. We deduce that the UP states have a faster lifetime and the polariton relaxation time into the LP energy states becomes very efficient. Thus, the UP occupation starts to decrease, and we observe a simultaneous increase in the occupation of the LP branch. Furthermore, the polariton states are less occupied for small excitation pump rate, the calculated behavior is linear. In the high pumping regime, we observe the nonlinear behavior of cavity polaritons and occupation factors much larger than unity are reached.
I. Introduction:
Coherent properties of exciton-polaritons in many semiconducting materials have recently attracted great interest [1] [2] [3] [4] [5] . An exciton-polariton is a quasiparticle resulting from the strong coupling of electron-hole pairs (excitons in a semiconductor) and cavity photon [3] .
The optical properties of excitons can be significantly changed when coupled to photonic cavities modes [2, 3, 6] . Different cavity structures such as the distributed Bragg Reflector (DBR) have been utilized to manipulate the optical properties of polaritons. Cavity polaritons have been demonstrated in a wide range of materials [7] [8] [9] .The microcavity polaritons were demonstrated at cryogenic temperatures, in both CdTe and GaAs microcavities due to the small binding energy of excitons [7] [8] [9] . Many material systems have now shown polaritons at room temperature including wide-bandgap semiconductors such as GaN, ZnO …. [10] [11] [12] , organic material [13, 14] and more recently transition metal dichalcogenides (TMDs) [1, 3] .
The strongly confined excitons and the large binding energy of TMDs monolayers make them ideal candidates to allow the strong light-matter interactions under ambient conditions. Exciton-polaritons in TMDs materials have been observed experimentally [11] [12] [13] . By embedding monolayer of molybdenum disulphide (MoS 2 ) into distributed Bragg reflector (DBR) mirrors, X. Liu et al. first reported room temperature 2D exciton polaritons with Rabi splitting of 46,3 meV is observed [15] . Part-light-part-matter polariton eigenstates are observed in molybdenum diselenide/hexagonal boron nitride (MoSe2/hBN) hetero-structure tunable micro-cavity with a splitting of 20 meV [16] . Exfoliated Tungsten diselenide(
2 ) monolayers have a strongly enhanced luminescence under ambient conditions [17] , which suggests their suitability for room-temperature. Also, the monolayer tungsten disulphide ( 2 ) have shown a strong interaction with light and robust excitons at room temperature [3] . In microcavity based on monolayer 2 , the reflectivity spectra have shown two pronounced modes corresponding to the Upper (UP) and Lower (LP) polariton branches appear at small incidence angles. Moreover the LP exhibits the stronger emission with a maximum peak around the lowest polariton state [3] .To better understand the emission properties of the monolayer 2 embedded microcavity, we have to analyze the reflectivity spectra and studying the dynamic process. In parallel with the experimental progress, theoretical studies and numerical simulations are developed for describing the dynamical nature of a polariton condensate in TMDs.
Boltzmann and Gross-Pitaevskii equations have been well adapted to describe the dynamics of microcavity polaritons. On one hand, approaches based on the Gross-Pitaevskii equation are successful in explaining of recent experiments [18] [19] [20] , but they assume global coherence and therefore cannot describe scattering process assisted by phonon. On the other hand, the semiclassical Boltzmann equation approaches are widely investigated under resonant or nonresonant excitation [21] [22] [23] [24] [25] . Tassone and Yamamoto, [26] have studied the polariton relaxation, which is described by solving a set of semiclassical Boltzmann equations. Porras et al [22] followed Tassone and Yamamoto's 1999 model with some simplifications to the numeric. Tassone et al. [27] have shown that the polaritons dynamics depends on several parameters, the excitation of the system, relaxation toward the lowest state mediated by exciton-phonon interaction and finally the radiative lifetime of polaritons.
Exciton-polariton scattering is identified as the most important mechanism for relaxation towards the lower polariton branch.
The dynamics of exciton-polaritons can be primarily understood by the interplay between radiative recombination rate and scattering processes. The former radiative lifetime is determined by the lifetime of photon and exciton modes with appropriate fractional values for each mode. Therefore, this time is very short for photon-like polariton and much longer for exciton-like polariton. In addition, a different scattering mechanism is proposed based on the interactions of exciton-phonon, polariton-polariton and exciton-exciton. However, different works have demonstrated that polariton-polariton scattering is only efficient for resonant optical pumping of the cavity [28] . Two dominant exciton-polariton relaxation processes have been extensively studied, one is due to exciton-acoustic phonon (LA) [27] [28] [29] and the other due to exciton-optical (LO) interaction [30] [31] [32] . Furthermore, LA phonons cannot assist in the polariton scattering process for small in-plane wave vectors [28] . Tassone et al. observed that large-momentum polaritons are efficiently relaxed to lower energy regions through the emission or absorption of LA phonons. However, they also found that phonon scattering is significantly reduced towards low wave vectors values of the LP branch [27, 33] .The inclusion of the scattering with LO-phonons may speed up the relaxation kinetics.
L. Orosz et al. [34] have studied polariton relaxation mechanisms mediate by an LO phonons in a ZnO-based microcavity. O. Jamadi et al . [35] have observed and discussed the polariton scattering through LO phonons as a function of temperature and detuning in a GaN and ZnO microcavities.
Motivated by the experimental results of the reflectivity spectra shown by Xiaoze Liu et al. [3] , which demonstrate the evidence of strong light-matter coupling and formation of microcavity polaritons in a mononlayer 2 based microcavity. The aim of this paper is to analyze in detail the emission of the two reflectivity modes observed at =0 over a temperature range of (110-230 K). Therefore, we present a theoretical study of the evolution of the polariton population as a function of temperatures. We focus on the impact of the shape of the UP and LP branches dispersion curves on the relaxation efficiency. To this purpose, let us first recall the polariton dispersion in Sec.II. Then, we simulate the polariton relaxation in a 2 microcavity using semiclassical Boltzmann equations under non-resonant pumping rate. To introduce the rate equations approach developed by Tassone et al [26, 27] , we first investigate in Sec.III the polariton scattering with optical phonons. We then discuss in Sec.IV the numerical integration of the rate equations and the temporel evolution of the polariton distribution.
II. Analysis of the strong coupling regime for various temperatures in a monolayer 2 based semiconductor microcavity:
II.1 Light-matter interactions in the strong coupling regime: Polariton dispersion energies.
The microcavity structure studied theoretically in this paper and the experimental method are described in Ref. [3] . In the experiment, polaritons are created in a monolayer 2 based semiconductor microcavity. The microcavity structure consists of a bottom distributed Bragg reflector (DBR) mirror grown on a substrate, a cavity which contains the active medium monolayer of 2 sandwiched between and / 2 3 layers and a top DBR mirror [3] . The DBRs consists multiple periods of alternative Si 2 and Si 3 4 layers.
A schematic of a planar microcavity is depicted in FIG. 1(a) .
In the following, we discuss the coupling between the cavity mode and excitonic states in a monolayer 2 using the coupled oscillator model. Due to the in-plane momentum conservation, the interaction is nonzero only for photon and exciton states have a wave vector Keldysh [36, 37] . We find an exciton binding energy of = 205 , which is discussed in Appendix A. Alexey Chernikov et al. [37] have determined experimentally the energies of the ground and the excited excitonic states optical transition in monolayer 2 . From the spectra, they have observed a large exciton binding energy of 0.32 eV. The temperature dependence of energy gap is given by ( ) (see Appendix B for details).
The Wannier-Mott excitons in 2 exhibits a large binding energy that enable the tuning of the exciton part over a large temperature range [3, 36] . Due to the emergence of dark excitons and trions at low temperature, our study is limited at temperatures higher than 110K, where the exciton peak dominates [3, 36] (see Appendix B). In this context, we study the evolution of the strongly coupled system by varying its temperature.
The polariton dispersion can be modeled using the coupled oscillator model
From the reservoir, excitons relax by acoustic phonon towards the light-cone with nonradiative rate Γ ex . We can calculate this rate using the Fermi Golden rule and the optical deformation potential (More details are provided in Appendix. C). is the half width half maximum of cavity photon [3] . The coefficients and , are called the exciton and cavity
Hopfield coefficients.Thus, can be given in terms of the detuning ∆= E cav (k) − E ex (k) and . From the reflectivity spectra, the strength of radiative coupling between the exciton and cavity field is around ћΩ rabi = 39meV at 130K [3] .
In the microcavity structures, the coherent coupling depends on the oscillator strength of the exciton transition and the quality factor of the cavity []. The coherent coupling is represented by a large Rabi splitting and reduced polariton linewidth []. More importantly, to maintain strongly coupled exciton-polaritons with large Rabi splitting, this requires a small cavity length and large quality factor. The strong coupling regime can only be achieved if the coupling between light and matter is larger than all the losses. The quality of microcavities depends on the lifetime of the cavity photons. Moreover, the quality factor and the lifetime of polaritons are also important for the polariton relaxation mechanisms.
II.2 Temperature effects on the polaritons radiative lifetime:
The polaritons dynamics are determined by the competition between the scattering processes and the radiative recombination rate. The relative efficiencies of these processes depend on the photonic or excitonic character of the UP and LP branches states. In the following, we calculate the radiative recombination rates
for UP and LP modes, respectively [3] .The lifetime of the polaritons is also determined by the Hopfield coefficient as:
In our study, the cavity photon lifetime τ cav rad is taken to be 1ps [3] , whereas the radiative lifetime of the neutral exciton in a monolayer 2 is estimated to be 226ps, which is comparable to those in other 2D TMD semiconductors at low temperatures [38] .In monolayer 2 , the radiative lifetime of exciton is in the range of 0.18-0.30 ps [39] . These lifetimes are shorter than the one measured in III-V semiconductor quantum wells. For wide 
−1 [38, 39] , here (0) is the computed radiative lifetime at 0 K, is the speed of light, is the Boltzmann constant. At relatively high temperature 230K, we find long-lived excitons 3.9ns which isof great importance to allow exciton polaritons condensation. The resulting radiative lifetimes of microcavity polaritons as a function of the exciton momentum are shown inFIG.1 (f) and (g).
In this system, the radiative lifetimes of the LP and UP modes are of the order of a few ps. The raditaive rate vanishes outside the radiative region | | < . In quantum wells only the radiative region of the exciton dispersion is involved in the luminescence processes Comparison of FIGs.1(f) and (g) shows that the UP branch becomes more photon-like for small value of , which tends to decrease the UP leakage lifetime. In the strong-coupling regime, the Rabi splitting decreases with increasing temperature. In angle-resolved PL measurements, Xiaoze Liu et al. [3] have observed dispersion of UP and LP polariton branches with Rabi splitting varies from 39 to 36meV at temperature 130 and 230K, which is the energy of an LO-phonon. This means that the lower branch is populated thanks to the scattering between upper polaritons and LO-phonons.
Moreover the results of the PL distribution [3] , have demonstrated that the polariton state are stable after the scattering and thermal relaxation process. To understand how the polariton states are populated by thermal relaxation processes from the nonresonantly pumped exciton reservoir, we have to study the dynamics of polariton-LO phonon scattering. The following sections describe how these scattering rates are calculated.
III. Polariton scattering with optical phonons:
In this section, we are interested in calculating the polariton scattering rate induced by the emission of an optical phonon. We demonstrate the role of longitudinal optical (LO)-phonon to accelerate polariton relaxation. The concept of utilising LO-phonon emission was introduced by Imamoglu et al. [31] . The scattering coefficients for both processes ,k→ ,k′ and ,k ′ → ,k are computed using the Fermi's Golden Rule. The scattering process discussed here will be used in the following (section. IV). The polariton-phonon model is based on the exciton-phonon interaction, which itself is based on the Frôhlich lowest k state, then decreases to 1.37ps. Another remarkable result, this scattering time is longer than the mean scattering time between the states ′ and ranges between 1.04 and 1.37ps. From this, we can predict that the increase of the scattering rate means that the relaxation toward the lower branch (the lowest k state) becomes very efficient.
Let us now discuss polariton scattering as a function of the exciton photon detuning.
We remark from the scattering time shown in FIG.2(a) and FIG.2(b) ,that increasing the temperature reduces the stimulated scattering time when going from negative to positive value of detuning. The combinations of fast scattering and of a short lifetime of UP branch are responsible for enhancing the polariton distribution. In the following we will elucidate the emission of the two reflectivity modes appears at =0 [3] . Therefore, we will treat the main equations which describe the polariton kinetic due to exciton-phonon interaction. Our final aim is to derive the semiclassical Boltzmann equations for the population distribution.
IV. Kinetic models for microcavity polaritons :
In order to understand the time evolution of the polarition distribution, we consider that the microcavity structure is nonresonantly pumped by a pulsed laser excites at high energy 2.43eV. We choose that the duration of the excitation pulse is around 200ps, which is much longer than the polariton lifetime [44] . We write now a set of rate equations for n UP(LP) 
The generation term describing the optical pumping rate is given by P = we need to discretize the k-space. In a finite volume calculation, the k-space is uniform. We solve the above rate equations (2) and (3) by using a grid that is uniformly spaced in energy with large number of points in the region from 0 to 10 .
If we wish to investigate how the polariton states are populated by scattering processes. We need to evaluate the expected evolution of the pump rate P k as a function of temperature and is summarized for two detuning's.
IV.1. Temperature effects on the optical pumping rate:
From the stationary solution of these nonlinear Equations (2) and (3), we can calculate the threshold pumping intensity ℎ and the threshold optical pumping rate P th for a given temperature T.
The steady-state solution n UP,k (Eq.2) gives the threshold pumping intensity . Thus, the polariton distribution n UP,k th in the steady-state regime will be given by the (Eq. 3) From the PL measurement [3] , the UP PL is much weaker than the LP branch at 130K, so the PL intensity at the higher photon energy panel is magnified by 10 times. While at 230K, The UP intensity is comparable with the LP intensity, so the PL intensity is magnified by 3 times. From this, we can deduce that the threshold pump rate could be lower at 130K
with respect to 230K. We show a linear decrease in P th (130 ) = 0.58 10 11 −1 , this feature clearly indicates the threshold pump rate dependence on temperature. We can note also the threshold pump rate increases when detuning going toward positive value which can be ascribed to relaxation effect. Jacques Levrat et al. [44] have investigated the evolution of the polariton condensation threshold P th over a wide range of temperatures (4-340 K) and exciton-cavity photon detunings (−120-0 meV) in a multiple quantum-well GaN-based microcavity. In both theory and experiment, the results have shown that P th first decreases and then starts increasing again when going toward positive detuning values [44] . The results have shown for a given temperature, the threshold first decreases versus detuning, passes through a minimum and then increases for detunings closer to zero, which can certainly ascribed to fast relaxation kinetics effects [44] .
In the following section, we show the results of the integration of the rate equations over the in plane wave vector, for two different temperature values and excitation intensities.
IV. 2 Temporel evolution of the population n UP and n LP :
Once the scattering rates and the radiative lifetime are known, we have integrated numerically the rates equations over the in plane wave vector to obtain the time evolution of the population n UP and n LP . FIG.3 shows the calculated occupation of the UP and LP states for two different pump rate, below and above threshold as a function of temperature T=130
and 230K. show that the UP occupation starts to decrease, which is related to the reduction of n UP ( ) for increasing occupation numbers in the LP branch, as depicted in FIG.3(c) . The evolution of the occupancy in the LP branch is represented in FIG.3(c) , we note this distribution can reach a large occupation numbers when the pump rate is increased. Furthermore, the occupation of the LP mode increases rapidly versus temperature. We deduce that this enhancement is more effective at higher temperatures due to the scattering process by LO phonons. These 
FIG.4:
The population n UP, = and n LP, = as a function of optical pumping rate calculated using semi-classical Boltzmann equations for a detuning of -16 meV at T=130K and 11meV at T=230K.
As seen in these FIG.4 (a) and (b) below the threshold, both curves n UP, = and n LP, = are linear and directly proportional to the pump rate P k ; n LP, = becomes close to 1 while n UP, = remains small. When going toward a photonlike polariton, interaction with phonons becomes less efficient. Thus, for small pumping rate the LP branch at ∆= -16 meV (T=130K) is less occupied with respect to 11meV (T=230K). When the pumping increases, the UP population rises quadratically as reported in FIG.4(b) , and an efficient polariton relaxation toward the LP state is obtained. The nonlinear behavior at higher pumping rate accelerate LP relaxation, as demonstrated by the time evolution of the lower state LPs in   FIG.4(b) . As seen in FIG.2 (a) and (b) , the relaxation mechanism here is however different from the negative detuning case.
V. Conclusion:
In conclusion, we have shown the formation of microcavity polaritons in a two dimensional atomic crystal of 2 embedded inside a microcavity over a temperature range 110-230 K, when the emergence of dark exciton and trion is neglected. A Rabi splitting of 39,98 meV is observed from the 2 microcavity owing to the coupling between the 2D excitons and the cavity photons. With the large binding energy and strong temperature dependence, the exciton energy shifts from 2.069 (130K) to 2.042eV (230K), creating cavity detuning varies from negative to positive values; which causes the corresponding changes in polariton dispersions. The tuning of polarition dispersion, lifetimes over a large temperature range enables the control of polariton emission dynamics. Our results can be understood in terms of Boltzmann equations in a two-state model under nonresonant excitation taking into account polariton scattering with optical phonons. These numerical simulations give an overall description of the polaritons dynamics, which depends on several parameters, the excitation of the system, radiative recombination rate and scattering processes. The results imply that at negative detunings, the relaxation kinetics is slow due to less efficient scattering processes, thus increasing the threshold pump rate needed to reach a polariton occupancy close to unity. On the other hand, for positive detunings, the threshold increases with temperature, because polariton relaxation becomes more efficient. As a result, occupation factors larger than unity are reached in the lowest k states.
SUPPLEMENTARY INFORMATION Appendix A Exciton Binding Energy in Monolayer
.
In this section, we theoretically investigate the properties of excitons in monolayer is the reduced effective mass in the 2D plan and is the gradient operator acting on the relative coordinate parallel to the monolayer plane is given by = − . In the case of an excitonic system lying in a 2D plane, the interaction potential V 2D ( )is given by the 2D screened electrostatic interaction potential derived by Keldysh [36, 37] .
is an environment-dependent dielectric constant.In the experiment, the monolayer 2 material is surrounded by an environment with dielectric constants 1 (top) and 2 (down).
0 and 0 are Struve and Bessel functions. The screening length 0 can be related to the 2D polarizability of the monolayer material. In order to determine the eigenvalue equation, we use a wave function expansion technique [36] . We can calculate the eigenfunctions and eigenvalues of the system obtained numerically by a direct diagonalization of the full matrix resulting from the projection of the Hamiltonian. We find an exciton binding energy =
205
. Thus, the exciton energies are given by = ( ) + the standard temperature dependence of semiconductor bandgaps as follows [46] :
Where is a dimensionless coupling constant linked to electron-phonon coupling, ћ is the average phonon energy , is the Boltzmann constant and T is the temperature.
In order to demonstrate the coherently coupled exciton polariton, the emergence of the [ 3] show the depletion of the neutral exciton population is due to the defect states. The emission intensity from the defect states in the PL spectra is large at low temperature (< 60 K). This behavior confirms the much longer emission time for the defect states compared to the neutral exciton .Hichri A. et al demonstrate the decrease of the bright exciton population when temperature decrease is due to the presence of dark exciton state [36] . From the obtained results, we note the emergence of trions and dark excitons at low temperature. Also, we clearly note the exchange of population between exciton and trion. This behavior confirms that the exciton (trion) formation is favored at high (low) temperature [3, 36] . Therefore, our studies are limited at > 130 , where the exciton peak dominates. The scattering rate of exciton by acoustic phonon (LA) from energy E to all other states is calculated using the Fermi Golden rule [27] . with energy E LA ( ) = ħ .
The relevant interaction between excitons and longitudinal-acoustic phonons is provided by the deformation-potential coupling with the electron and hole and ℎ , respectively kg/m², = 5.08 , ℎ = 3.98 .
Evaluating the exciton-phonon interaction matrix element with the wavefunction of exciton, one finds [27] ,
The superposition integralsfor the electron (e) or hole (h) are given by With this interaction matrix element and the sum over , we obtain : Thus the phonon-scattering rate Γ ex is given by:
From the last equation we can deduce ħΓ ex = 15.7 meV (130K) and 17.2meV (230K). The measured reflectivity of microcavity without 2D semiconductor obtained by Xiaoze et al. [5] , shows that the cavity resonance is achieved at 2.052eV with a linewidth ħΓ cav = 5meV. Thus, the interaction potential in our model is given by [51] µ ² is a fitting parameter obtained from the LO phonon dispersion curve.In our case of monolayer 2 , the LO phonon energy is calculated to be 43meV [52] .Here the relevant interaction between excitons and LO is provided by the Frôlich interaction.
The Frôlich interaction constant of LO phonon with charge carriers in two-dimensional materials is given by |α(q)| 2 = 
